The topographic electroretinogram evoked by multi-focal exchange of black and white or red and green stimuli was analysed into linear and non-linear Wiener kernels. The first-order (temporally linear) response showed a biphasic waveform which inverted as the luminance ratio of the exchanged colours passed through unity (established both psychophysically and photometrically). A short latency non-linearity which was dependant on luminance contrast was observed in both chromatic and achromatic ERG. However, in the chromatic second-order response, a long-latency non-linearity, foveally prominent, with a distinct skew in power towards the nasal retina, appeared around the isoluminant point, between the points of silent substitution for the L and M-cone types. Modelling of the second-order responses showed that over a wide range of luminance ratios, the chromatic ERG is well described by a linear combination of the achromatic (contrast-dependent) component and the response at isoluminance. The difference in second-order response between coloured and black and white stimulation, at the same luminance contrast, showed that the longlatency non-linearity is recorded when the red and green cone types are operating out of phase and peaks in amplitude at a green/red luminance ratio of 0.8. This interpretation was conhrmed by the lack of the long-latency non-linearity in colour-anomalous subjects (whether deficient in the L or the M-cone type). A marked similarity exists between the properties of the long-latency nonlinearity and the frequency-doubled response generated in the ganglion cells of the magnocellular pathway. 0
INTRODUCTION
Recent studies of flicker ERG have raised questions about the source of the non-linear components of the uniform ERG. While it is widely accepted that the fundamental (linear) response of the flicker ERG originates in the outer retina (Odom, Reits, Burgers & Riemslag, 1992; Bums, Elsner & Kreitz, 1992; Porciatti, 1993; Sutter & Tran, 1992; Baker, Hess, Olsen & Zrenner, 1988) and that the strength of the signal is dependant on tbe receptor (cone) densities (Sutter & Tran, 1992) , the generator of the non-linear component is still uncertain.
by varying the luminance ratio of a red/green flickering light and concluded that the chromatic flash-ERG includes "an early, cone-specific non-linearity" and that this non-linearity "behaves differently from ganglion cell data" (Chang et al., 1993) . According to these authors, near the G/R null ratio, the response, which was dominated by the non-linear process, does not increase, but "rather the linear response component decreases [and] the relative insensitivity of the phase of the beat to the stimulus condition is consistent with the same nonlinearity acting under all conditions".
McLeod and coworkers have studied the origins of the non-linearity in the cones. They studied the distortion product of two high contrast, high spatial frequency interference fringes of slightly different frequency or orientation (McLeod, Williams & Makous, 1992) and showed that a mechanism of light adaptation is the source of a major non-linearity in photopic vision, which is due to the integration of absorbed light energy within, the individual cone photoreceptor. Burton (Burton, 1973) also suggested that the elements with non-linear responses occur at a level in the visual system which is at, or prior to, the site of spatial interaction (i.e. the bipolar or ganglion cells layers).
tTo whom all correspondence should be addressed.
An analysis of the relations between the linear and non-
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A. KLISTORNER et al. linear components of the uniform and pattern ERG in humans caused Baker and colleagues to interpret the second harmonic (2F) response, driven by a uniform field stimulus, as reflecting the same underlying mechanism as that driven by pattern stimuli and suggested that it might reflect the activity of the retinal ganglion cells . However, following a later study of the primate ERG, they proposed that "the uniform-field second harmonic has a source-sink distribution which is somewhat like that of the uniform-field fundamental, but clearly different from that of the pattern response" (Baker et al., 1988) . Their analysis of the densities of current sources indicated several retinal sources of the non-linearity with at least one in the inner retina and another in the outer retina at about the same level as the first harmonic source. A recent clinical study (Porciatti, 1993; Porciatti, Moretti, Ciavarella & Falsini, 1993) confirmed that the non-linear (second harmonic) response of the flicker-ERG has multiple postreceptoral sources with a component in the innermost retina, close to the source of the ERG evoked by spatial contrast (the PERG). They have also shown that the 2F component has a strong macular over-representation and that thus, the main source of the 2F component is macular, extra-fovea1 retina yielding little contribution to the response. Thus, the origin of the non-linear response and its relation to the linear response are still unclear.
There are also some indications that non-linear (second-order kernel) responses of the achromatic pattern reversal ERG can be decomposed into two components on the basis of different latencies, with first component representing non-linearities of sources in the outer retina and second-presumably pure ganglion cell responses arising from reflections generated at the optic nerve head @utter & Tran, 1992; Sutter & Bearse, 1995; Bearse, Sim, Sutter, Stamper & Leiberman, 1996) .
The purpose of our study was to investigate the topography of the temporally linear and non-linear components of uniform ERG using achromatic (black/ white) and chromatic (different luminance ratios of green/red colours) stimulation by the method of binary pseudo-random visual stimulation Sutter, 1992) in subjects with normal and congenitally colour-deficient visual systems. The colour-anomals, with a loss of either the red or green photopigment were included as a means of determining that both L and M-cone types are necessary to produce the chromatic ERG.
MATERIALS AND METHODS

Stimulation
Visual stimuli were generated on a CRT screen (14" Macintosh high resolution display, CIE coordinates for Red colour: x= 0.65, y = 0.32 and for Green colour: x = 0.32, y = 0.60). Luminance and spectral characteristics of the screen were measured using a spectroradiometer (Topcon SP-1) at intervals of 5 nm. In all FIGURE 1. The multi-flash stimulus consisted of an array of 61 closepacked hexagons, each of which described an independent pseudorandom sequence of interchange between two different colours. The hexagons used in these experiments were scaled in size with eccentricity. The central hexagon subtended 2 deg at the subject's eye, with recording possible out to 25 deg eccentricity.
experiments the mean luminance of the stimulus was 24 ctim2, which resulted in a retinal illumination of about 1200 td (dilated pupil-8 mm). Both achromatic stimulation and chromatic (Green/Red) stimulation were employed. Achromatic stimuli varied in luminance contrast between 5 and 35%, while the chromatic (Green/Red) stimuli varied in Green/Red luminance ratio between 0.2 and 2.6, corresponding to Michelson contrasts of these end-points of 67% and 45%. The stimulus used consisted of 61 close-packed hexagons, the sizes of which were scaled with eccentricity (see Fig. 1 ). This type of scaling has been previously employed in ERG recordings to allow increased spatial resolution toward the centre and to provide approximately equal signal amplitude at all locations (Sutter & Tran, 1992) . The centre hexagon subtended approximately 2 deg. Each hexagon was flashed on and off in a pseudo-random sequence (multi m-sequence), from which the individual kernels were calculated using cross-correlation of the digitized output signal with the binary input sequences (VERIS version 1.2 recording system (EDI)), via a fast Walsh transform. The m = 14 sequence used resulted in 214 -1 frames corresponding to 8192 flash repetitions at each site in every 4 min recording. As detailed in the m-sequence method (Sutter, 1992; Sutter & Tran, 1992; Baseler, Sutter, Klein & Camey, 1994 ) the first-order response for black and white stimulation can be thought of as the sum of all responses to a white stimulus minus the sum of all responses to a black stimulus, i.e. 0.5 (Rb -R,), while the second-order response (or second-order kernel) represents the comparison of all instances of no transition between two frames with all instances where a transition occurred between the two frames, i.e., 0.25 While the first slice of the   TEMPORAL ANALYSIS OF THE TOPOGRAPHIC ERG   1049 second-order response relates consecutive frames, the second slice compares responses with an extra intervening frame (summed over all stimulus polarities). Thus, the first, second and third slices represent the interaction present at a time scale of 15, 30 and 45 msec. The silent substitution method (Estevez & Spekreijse, 1974 , 1982 was employed in order to isolate the responses from the particular type of cone (red or green in this experiment). Thus, for our stimulus conditions, the estimated silent substitution points occur for Green/Red luminance ratios of 1.39 and 0.49 for red (L) and green (M) cone types, respectively. These values were derived as follows: the amount of cone excitation produced by a particular colour was calculated by integrating the product of the spectral power distribution of the screen phosphors with the spectral sensitivity of the various cone types. 
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The isoluminant point was determined for each subject by the method of flicker photometry using the same computer monitor as used for the VERIS stimulation. A foveally fixated 2.5 deg circle was flickered between Green and Red colours at a frequency of 17 Hz (which is beyond the temporal resolution of the psychophysical colour channels). The subject adjusted the relative luminances for a perception of minimal flicker. The result was also checked through the use of a Topcon spectroradiometer (SR-1).
Subjects
Three experienced observers with normal colour vision and two colour-anomals (a protanope and a deuteranope) were recorded. All subjects were given a full visual examination and their colour vision was carefully assessed using Farnsworth-Munsell D-15, L' Anthony's desaturated D-15 test, the Ishihara standard pseudoisochromatic plate test, the 40 hue test and the Nagel anomaloscope. The two colour-anomals failed all of the clinical colour vision tests and were identified as a protanope and a deuteranope.
Recording
Pupils were dilated with 1.0% tropicamide (Mydriacil). The ERG was recorded using a gold foil cornea1 electrode, referenced to the ipsilateral canthus. The ground electrode was placed on the ipsilateral temple. The signal was amplified 100000 times and band-pass filtered between 3 and 100 Hz. The data sampling rate was 500 Hz. An m = 14 binary stimulation sequence resulted in a recording time of approximately 4 min for each colour luminance ratio, which was broken into eight segments for patient comfort. The distance to the screen was 180 mm, stimulating visual field eccentricities up to 25 deg. (Gouras & Mackay, 1994; Lovasik, Kothe & Kergoat, 1992) . This peak showed shorter latencies with increasing amounts of green colour. (Subject DK).
RESULTS
First-order response
The first-order kernel, which is analogous to the impulse response of a presumably linear system resembles the conventional focal ERG . Figure 2 shows typical first-order responses averaged over all 61 recordings corresponding to each stimulus hexagon under various contrast and chromatic conditions. Figure 2(A) shows a series of achromatic ERGS recorded with luminance contrasts from 7 to 35%. Figure 2 (B) shows the results of chromatic stimulation with Green/Red luminance ratios from 0.30 to 2.6, passing through isoluminance. The traces demonstrate the variation in response to the luminance contrast and luminance ratio of green to red colours, and both figures show that the response virtually vanishes at zero luminance contrast. The reproducibility of the traces was good, as might be expected with a stimulus sequence of 214 -1 frames, and an indication of this is seen in the smooth progression of the waveforms with G/R luminance ratio.
The responses consisted of two major peaks, at 20-24 msec and 27-40 msec latency (there being some intersubject variation). There was another wave with much longer latency (peaks at 70 and 110 msec) which may be the result of rod responses, but will not be analysed in detail in this paper. As would be expected from a simple summation of cone responses (Chang et al., 1993) , chromatic stimulation produced a reversal in polarity at isoluminance [see Fig. 2 (B), Fig. 3(A) ].
In order to compare the variation in amplitudes and latencies of the first-order response peaks for different stimulus conditions, we defined the temporal luminance contrast as the difference divided by the sum of the luminances of the first and second presented colours, respectively, thus allowing for negative contrasts. The response peak-to-peak amplitudes measured between N20 and P40 showed almost linear dependence on luminance contrast [ Fig. 3(A) ], while the implicit times (from stimulus onset to peak) remained remarkably constant [ Fig. 3(B) ]. In all further analyses we have used the peak-to-peak amplitude and implicit time of the most prominent second peak (the analogue of the b-wave of the ERG), owing to its greater amplitude compared with that of the first peak, the "u-wave", which showed similar tendencies with contrast. It should be noted that while we used the same wave identification (a-and b-wave) in our first-order kernel, as used for the conventional flash ERG (which are non-linear in nature) the linear response kernels should only be considered as analogues.
The ERG topography, calculated as a surface plot displaying the root mean square (RMS) power of the waves and plotted at each visual field location (the epoch of analysis equal to O-70 msec) for both chromatic and achromatic stimulation shows a foveally peaked distribution (see Fig. 4 ). The rationale for this method of analysis has been described extensively elsewhere (Sutter & Tran, 1992) . The surface plots for the first-order chromatic and achromatic responses are remarkably similar.
However, it is clear that the amplitude of the responses to both achromatic and chromatic stimulation modes depend primarily on the luminance contrast, while the waveform of the responses across the retina remains constant. This is reinforced by the lack of response at isoluminance across the whole retina, which is equivalent to the limit of vanishing luminance contrast in the black and white stimulation series. The surface plot which the plots for high luminance contrast and at isoluminance-the fluctuations in the peripheral responses at high luminance contrast stimulation are similar in magnitude to the responses at isoluminance.
Second-order kernels
The second-order kernel represents the departure from a linear response when two stimuli arrive in close sequence. Successive slices, thus, are derived from the difference between predicted and real responses to the second flash with progressively increasing interstimulus intervals. Owing to the fact that the refresh rate of stimulus screen used in our experiments was 67 Hz, the minimal inter-stimulus interval, corresponding to first slice is (1000167) = 15 msec, and for the second slice is ( 1000/67)*2 = 30 msec and so on. Detailed description of the kernel expansion method may be found elsewhere (Sutter. 1992 ) .
First slice. Based on the behaviour of the first-order kernel, described above, we expected that the second kernel would show similar variations with the luminance contrast (and accordingly with the Green/Red luminance ratio) with both achromatic and chromatic stimulation. However, to our surprise, while the second-order responses to black/white stimulation followed, to a large extent, the first-order kernels, colour stimulation revealed a completely different picture. By comparison, analysis of the first slice of the secondorder response to chromatic stimulation (for Green/Red luminance ratios in the range of 0.3-2.6) produced more complicated results (see Fig. 6 ).
Not only the amplitude but also the form and latency of the waves (found by averaging over all 61 recorded sites) varies considerably with changes in the Green/Red luminance ratio [ Fig. 6(A) ]. Thus, at high temporal luminance contrast (top and bottom curves) the waves clearly demonstrate a triphasic form. The first major positive peak (PI) of the response occurs at a latency of 25-30 msec, while the first major negative excursion (Nl) occurs at about 3540 msec. A second positive peak (P2) has a latency of 56-58 msec, which resembles the form of the achromatic response. By comparison, toward the isoluminant point, the waves change into a simpler biphasic positive/negative form with latencies (Pl and Nl) of about 35 and 55 msec, respectively. The latency as a function of Green/Red luminance ratio (and accordingly, luminance contrast) demonstrates a major change in the response timing which occurs abruptly rather than gradually (cf. achromatic stimulation. presented on the The topographies of the second-order response (first slice) for achromatic and chromatic stimulation demonstrate this difference even more strikingly. Figure 7 shows the response topographies of the second-order kernels (first slice, plotted as RMS values for the epoch O-70 msec) and their dependence on luminance contrast and Green/Red luminance ratio.
Thus, for achromatic stimulation and for high luminance contrast chromatic stimulation the density of the non-linear response is almost uniform throughout the whole recorded area [compare Fig. 7(A) and Fig. 8 , insert 11. However, within the range of G/R ratios from 0.4 to 1.4, the density of the chromatic response is markedly different with the appearance of a pronounced central sharply peaked topography. The abrupt onset of this peak with change in Green/Red ratio seems to be unrelated to the point of isoluminance (where the first-order response disappears), and also these values of the G/R ratio correspond to the unremarkable luminance contrast range from 43% through zero and back to 16%. It is important to note that in all colour experiments the changeover between the high contrast "flat" topography and the low contrast "peaked' topography occurs abruptly around the silent substitution points for green (G/R = 0.4) and red (G/R = 1.4) cones. The "peaked' topography is thus found between these two silent substitution points. We investigated the possibility that the surface plot representation of RMS power may be affected by the noise level or by a baseline shift. We have shown these
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2.6 achromdcdmulatlon36% FIGURE 7. (A) RMS topography of the response density (epoch O-70 msec) of the first slice of the second-order kernel of the multi-focal ERG recorded for different Green/Red luminance ratios (shown below each surface plot). Notice the sudden appearance of a foveal prominence at around G/R = 0.45, lasting until G/R = 1.5, corresponding to the values for the silent substitution points of the M and L-cone types. For comparison, the topography of the first slice, second-order kernel for achromatic 35% contrast stimulation is shown at the bottom right. The response around isoluminance is much more strongly peaked for chromatic stimulation than is either the response at high chromatic or achromatic luminance contrast. Subject DK, left eye.
possible sources of inaccuracy are insignificant by plotting the ratio of the Pl-Nl peak amplitude from the response densities measured centrally (O-5 deg) and peripherally (averaged over all stimulus hexagons in the eccentricity range 20-25 deg) for different Green/Red luminance ratios (see Fig. 8 ).
The two inserts in this figure show two different patterns of the signal distribution-a "flat" pattern at high luminance contrast (G/R = 2.6) for chromatic stimulation and a "centrally peaked' pattern at isoluminance.
Thus, the first slice of the achromatic second-order kernel demonstrated a simple behaviour with relatively invariant waveform and latency of responses throughout the studied range of contrasts and substantial amplitude attenuation towards isoluminance. Chromatic stimulation did not reveal significant amplitude decrease around the zero luminance contrast (isoluminance), but produced two distinct patterns of waveform, latency and topography of the response depending on the Green/Red luminance ratio (and thus on luminance contrast). The first pattern was characterized by a triphasic waveform with peaks of latency 25-30/3540/ and 56-58 msec and a relatively "flat" topography over the retina (hereafter described as the "short-latency non-linearity"), while the second showed biphasic waves with relatively long latency of the peaks (35155 msec) and with a foveally peaked topography (hereafter described as the "longlatency non-linearity").
From the point of view of photoreceptor physiology, the results indicate that the flat topography only appears in situations where red and green cones are stimulated in phase. Thus for a G/R ratio of 0.3, (exchanging dark green colour with bright red colour), both cone types hyperpolarize on green-red and depolarize for the exchange Red-Green.
The peaked topography in the second-order response only occurs when the red and green cone types operate out-of-phase. By comparison, in achromatic (black/white) stimulation the red and green cones are always operating relatively in phase. Thus, it is logical that the peaked (chromatic) topography does not have an achromatic analogue.
While the peak power of the second-order response around Green/Red isoluminance was always found in the centre of the retina, the amplitude showed a pronounced asymmetry, being larger on the nasal than on the temporal side (Fig. 9) .
Second and third slices. A comparison of the first, second and third slices of the second-order chromatic response at high luminance contrast (G/R = 2.6), averaged over all stimulated sites shows a univariance in waveform with only an attenuation in amplitude for the slices with longer interaction times [see Fig. 10(A) ]. Similar behaviour of the (black and white) luminance contrast focal ERG was described by Vaegan and Sutter, who noted that it seems to resemble an adaptive process because it decays slowly without changing shape over several kernel orders and inter-pulse intervals .
However, under the low luminance contrast conditions that pertain for isoluminant colour exchange or close to it (allowing for some variation in this point with retinal eccentricity), the waveform of the first slice of the non- 
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Green / Red Luminance Ratio FIGURE 8. The ratio of averaged response density amplitudes A,,, /Aper comparing the peak-to-peak response from the central hexagon with that from the most peripheral ring of hexagons, as a function of Green/Red luminance ratio. The resulting curve demonstrates sharp peaks at G/R = 0.75 and 1.2, with a local minimum (although still a factor of 40, at isoluminance). The two inserts show the dramatic difference in response waveforms with eccentricity between stimulation at the isoluminant point and that at G/R ratio of 2.6. For the former the response is very highly peaked in the foveal patch and the response quickly diminishes, while for the high luminance contrast distribution, the waveforms are very similar and only slowly diminish with eccentricity.
linear second-order kernel is quite different from later slices [ Fig. 10(B) ], the form of the second and third slices resembling the high luminance contrast response. The third slice of the second-order kernel did not reveal, even at isoluminance, an appreciable long-latency non-linearity. Thus, these results indicate that the long-latency nonlinearity only exists around isoluminance and with short duration (about 15 msec in terms of the interstimulus interval), while the short latency non-linearity (which occurs with achromatic or high luminance contrast chromatic stimulation) remains approximately constant in waveform through the first few slices of the secondorder response, the amplitudes of which gradually attenuate.
Temporal analysis of chromatic ERG in colour-anomds
It is generally accepted that most congenital colour deficiencies are due to a lack of one or more of the particular photopigments (Rushton, 1963 (Rushton, , 1965 . In human and some other primates (e.g. marmosetCallithrix jaccus), the incidence of colour deficiency owing to the absence of one of the photopigments is a sex-linked hereditable characteristic (Tovee, 1994) .
The effects of the absence of one particular photopigment on the electroretinogram will depend critically on the neuronal connectivity of the retina. It is widely accepted that the cone signals are processed, before leaving the retina, into an achromatic luminancesensitive channel via a summation of the inputs of the red (L) and green (M) cones operating through the magnocellular pathway and two colour-sensitive channels formed through subtractive mechanisms corresponding to (L -M) and (L + M) -S operating through the parvocellular pathway. As Shapley (1990) points out the luminance contrast sensitive retinal ganglion cells should demonstrate, on the basis of quite general assumptions, an isoluminant point lying between the points of silent substitution for the red and the green cones (the green to red ratio for which, respectively, the red or green cone activities are unaltered in the exchange between green and red stimulus colours). By contrast, the colour opponent neurons should have no null response between the silent substitution points (along the red/green axis).
If the chromatic long-latency non-linearity of the electroretinogram is due to a mechanism requiring the red and green cones to be operating in counter-phase then one would predict that both in red-or green-deficient subjects TEMPORAL ANALYSIS OF THE TOPOGRAPHIC ERG FIGURE 9. The topography of long-latency non-linear response shown as the distribution of the second-order kernels (first slice) recorded at isoluminance. The waveforms are distinctly larger on the nasal side of the fovea than at the corresponding eccentricity on the temporal side. This skew distribution is also evident in the RMS topography. Subject DK, left eye. Visual field covered up to eccentricities of 25 deg.
the chromatic non-linearity would be missing or at least greatly reduced in amplitude, precisely because of this absence of the one of the cone types. Thus, we predicted that protan-and deuteranopes should not exhibit this sort of the response under (or close to) the condition of isoluminance. Recordings from one protanope and one deuteranope bore out this prediction.
As one may also predict, the point of isoluminance as measured by a null first-order response changed according to colour-anomaly. Thus, for the protanope, it moved approximately to the silent substitution point of the M (green) cones [G/R ratio = 0.5, Fig. 1 l(A) -although this value was not recorded, all of the first-order responses have been shown to be approximately linear functions of luminance contrast], while for the deuteranope, in the opposite direction, to the silent substitution point of the red photoreceptors [G/R ratio = 1.5, Fig. 12(A) ].
However, for the second-order responses, while the amplitude of the short-latency non-linearity mimicked the first-order response (which was determined by the luminance contrast of the particular cones), the longlatency non-linearity was not detected (even at isoluminance) in either of the colour-anomals [ Fig. 1 l(B) and Fig. 12(B) ]. This confirms that the generation of the long-FIGURE 10. (A) The first, second and third slices of the second-order chromatic kernel at high luminance contrast stimulation (G/R = 2.6). All slices (including the first) under these stimulus conditions have a similar waveforms differing only in amplitude. (B) Under isoluminant colour exchange, or close to it, the waveform of the first slice of the non-linear second-order kernel differs markedly from the later slices, the form of which resembles more the form of the slices at high luminance contrast stimulation. Subject EK.
latency non-linearity requires an interaction between the signals from the red and green cone types.
Modelling of the long-latency non-linearity.
From the observation that the short-latency non-linearity recorded from chromatic stimulation at high luminance contrast behaves similarly (in terms of luminance dependence, waveform, latency and retinal distribution) to the first slice of the achromatic recordings, while the long-latency non-linearity is different in all these respects, we hypothesized an independence of generators for the two non-linearities and used two approaches to isolate the components: by subtraction from the achromatic from chromatic responses and by fitting the responses with a linear combination of waveforms.
Subtraction of the achromatic luminance contrast second-order response (evoked by Black/White stimuli) from the chromatic second-order response at precisely the same luminance contrast should eliminate all common contributions due to luminance contrast. The result of the subtraction [ Fig. 13(A) , using chromatic and achromatic data from subject DK], which should represent the pure cone interaction component, demonstrated mainly biphasic positive and negative waves with latencies of 40 and 60 msec, respectively, growing in amplitude as the colour luminance ratio tended towards unity.
It is also easily seen [see Fig. 13 (B)] that this (chromatic) component exists on the colour ratio scale (G/R luminance ratio) only between the positions of the silent substitution points for green and red cones (i.e., where the cones are stimulated out-of-phase) and has a amplitude peak at luminance ratio G/R = 0.8.
The second approach involved fitting the waves of the first slice of the second-order response (at various G/R FIGURE 11. Temporal analysis of the responses (averaged over all stimulus sites) generated by chromatic R/G stimulation in a protanope. (A) The first-order response shows a luminance coding response to Green/Red stimulation, inverting at around the psychophysically determined isoluminant point, which coincides with the silent substitution point for the M-cone type. (B) The second-order response (first slice) shows a simpler response than for a trichromat, the amplitude tending to zero at a G/R ratio of 0.5, coinciding with the zero of the first-order response. Subject SS.
ratios) with a linear combination of chromatic and achromatic (luminance contrast) responses-$(t) = al 41(t) + a2 $2(t) where 6(t) is the resultant (modelled)
wave form, 41(t) and $2(t) are the two templates (35% luminance contrast achromatic first slice second-order response and the isoluminant first slice second-order response) and al, a2 are the two "fitting coefficients". In order to avoid unnecessary noise in the early (first 10 msec) part of the ERG, the epoch 10-64 msec was used for modelling. Examples (normalized) of this procedure are shown in Fig. 14 , which demonstrates very acceptable fits. Furthermore, the fitting coefficients for the various Green/Red stimulus ratios used yielded a curve which emulated Fig. 13(B) [see Fig. 14(B) ]. The contribution of the short latency non-linearity to the chromatic response vanished around isoluminance (i.e., at low luminance contrast) while that of the long-latency non-linearity was maximal near isoluminance, falling off dramatically around G/R = 0.4 and G/R = 1.5.
DISCUSSION
Temporal analysis of the multi-focal ERG yields a first-order response which reflects the relative luminance of the two exchanged stimuli, whether they be chromatic or achromatic. The amplitude of the first-order responses is approximately linearly dependent on luminance contrast. For subjects with anomalous colour vision, deficient in either the red or green photopigment, the Green/Red luminance ratio which produced a null firstorder response matched the psychophysically measured isoluminant point which coincided with the silent substitution point for the remaining photopigment. The The second-order response (first slice) shows a response which depends on luminance contrast. This can be seen in the amplitude of the negativity at 40 msec latency, which tends to zero at a G/R ratio of 1.5, coinciding with the zero of the first-order response. Subject IK.
first-order chromatic response topography was foveally peaked and presumably reflects the cone luminance response (Sutter & Tran, 1992) , although the contribution from bipolar cells cannot be ruled out (Stockton & Slaughter, 1989) . The almost linear dependence on luminance contrast and striking resemblance of the waveforms and topography between the signals derived under chromatic and achromatic stimulation suggest that a similar mechanism generates the linear response under both conditions. The presence of two different kinds of temporal nonlinearity in the second-order responses is clearly demonstrated by our results. The two non-linearities show differences in latency and in the topography of the response density. They have different temporal recovery patterns and different properties in terms of colour and luminance contrast dimensions. In particular:
??the amplitude of the short-latency non-linearity reflects the luminance contrast characteristic of the stimulus for both achromatic and chromatic stimuli. ??the long-latency non-linearity does not occur with achromatic stimulation. ??the long-latency non-linearity appears between the points of silent substitution for red and green cones, i.e., in the stimulus range where the red and green cones types are alternated out of phase. ??the response topographies of the short-and longlatency non-linearities differ markedly, the former showing only a slight fovea1 maximum while the latter has a very sharp fovea1 peak. Green I red ratio FIGURE 13. Isolation of the colour-sensitive long-latency nonlinearity. (A) Results of subtraction of the first slice of the secondorder kernel resulting from achromatic stimulation (black/white) from that for chromatic stimulation (green/red) in which the luminance contrast was identical. The ratio of Greeded luminances is indicated to the right of each trace. The waveform is biphasic. The amplitude of the colour-selective non-linearity increases towards isoluminance, however, it is apparent that its amplitude is maximal at a G/R ratio of slightly less than 1. (Subject DK). (B) Amplitude of the long-latency and short-latency non-linearities as a function of Green/Red luminance ratio. The long-latency non-linearity was defined through the subtraction process specified above, while the short-latency nonlinearity was defined as the achromatic second-order response at the matching luminance contrast. Note that the long-latency non-linearity has its peak amplitude towards the excess red side of isoluminance (Subject DK).
the long-latency non-linearity is not recorded from subjects deficient in either the red or green photopigment. the generator of the long-latency non-linearity shows more rapid recovery after stimulation than that of the short-latency non-linearity.
Thus on the basis of retinal topography, temporal recovery characteristics and stimulus colour dependency the short-and long-latency non-linearities are independent, and probably reflect different processes in the retina, with different sources of origin. 
Are there rod contributions to the non-linearities?
Although the mean luminance level used in the experiments is low enough to result in a rod contribution to the first-order kernel, there is ample evidence to discount such a contribution to either of the short or longlatency non-linearities. A wave of latency longer than the epoch analysed in this paper (with major peaks at 70 and 110 msec latency) can be identified in the first-order response as rod-generated in both achromatic and chromatic recordings (manuscript in preparation). This late first-order response is not silenced at isoluminance. However, there is very little contribution to the first and second slices of the second-order response for this range of latencies (see Fig. 15 ). In addition, the topography of any rod contribution should be minimal at the fovea, while both non-linearities studied (especially the longlatency non-linearity) were foveally peaked. Finally, the absence of the long-latency non-linearity in colouranomalous subjects is confirmatory evidence that this non-linearity is not generated by the rods.
Comparison with other reported temporal non-linearities
Sutter and Vaegan, who used the same non-linear analysis technique as in this paper, but with achromatic pattern and focal stimuli, demonstrated that the first slice of the second-order kernel of the pattern electroretinogram (PERG) has a different waveform from slices of longer interaction time and all slices of the flicker response. The first slice waveform changes markedly with check size (interaction time 15 msec), while the form of the second, third and fourth slices (30. 45, 60 msec interaction time) of the PERG and all slices of the flicker ERG uniformly and monotonically decrease in amplitude . These authors decomposed the responses into two components (luminance and pattern), and showed that the pattern-dependent component, which they considered to reflect inner retinal function, exhibited spatial tuning with maximum amplitude for check sizes of about 0.2 deg. They also noted a latency difference between the initial peaks of the two components, equal to 12 msec .
Comparison with our chromatic flicker ERG results showed marked similarities between the waveform of their triphasic luminance component and our shortlatency non-linearity on the one hand and their biphasic lateral interaction component and our long-latency nonlinearity on the other. It is also significant that the relative latency difference between our short and long-latency non-linearities is about 12 msec, similar to the difference between the implicit times of their luminance and pattern-dependent components. The differences in implicit times between the two studies is probably due to the higher mean luminance used in their study. However, it is as yet unknown whether the pattern and chromatic longlatency non-linearities share the same generating mechanism.
A further problem with making any closer identihcation between focal and pattern-elicited components is that the pattern component is contaminated by the presence of a local luminance non-linearity, which may be much bigger (especially with high luminance contrast stimuli), than the pattern component itself (Drasdo, Thompson, Thompson & Edwards, 1987; Schurmans & Beminger, 1985; Berg, Boltjes & Spekreijse, 1988 ) and attempts to separate them require mathematical manipulation (Berg et aE., 1988; .
What neural properties result in a generation of a temporal non-linearity?
Non-linearities can be generated by at least two processes-the first is a slowness in recovery that produces a difference for rapid stimulation rates between the recorded response and that expected from the linear estimation. The second way is through complex response modes such as frequency doubling or rectification in the response of individual neurons. A hypothetical neuron which responds in the same manner (amplitude, sign and latency) to exchange from stimulus 1 to stimulus 2 as from stimulus 2 to stimulus 1, should generate a very small response [being the difference 0.5 (R, -R,). where R, represents the response to a first (red in our case) stimulus and R, the response to a second (green in our case) stimulus]. However, it will contribute to the second-order response through the expression 0.25 (R,, + R,, -R,, -R,,) , as the response to two consecutive green or red frames will be very different from that for successive changes between green and red frames of stimulation.
It is important to note that the non-linearities recorded using our temporal analysis system potentially differ from second harmonic analyses. A population of neurons could show a non-zero second harmonic evoked response, but actually have no intrinsic non-linearity. For example, an ensemble of on-and off-centre Pganglion cells would collectively show a response at both onset and offset of a flickering stimulus, if their spike responses were rectified to some extent. However, each individual neuron is only responding predominantly at the fundamental rate of stimulation and would not generate a significant second-order response. Thus, in order that a second-order kernel response be generated by a neural class, individual neurons of that class must possess the temporal non-linearity. The legitimacy of the comparison of the second-order harmonics with secondorder kernel slices is further discussed by Gaska and coworkers (Gaska, Jacobson, Chen & Pollen, 1994) .
Physiological substrate for the non-linearities
The similarity of our achromatic and chromatic shortlatency non-linearity with the temporal analysis of Sutter and Vaegan initially suggests support for their hypothesis that this non-linearity is generated by adaptive processes in the outer retina. However, the different contrast response functions exhibited by the tirst-order response (roughly linear) and short-latency non-linearity (partially saturating) shown in our study gives some indication that the fast adaptive mechanism generating this non-linearity may occur somewhere beyond the photoreceptors, perhaps in the outer plexiform layer, at the cone-bipolar synapse (Ahn & McLeod, 1993) . In addition, despite using quite a coarse stimulus array and the inevitable contribution of noise to the RMS evaluation, the topography of the achromatic and chromatic non-linear responses are very different. Thus the distribution of the achromatic response is rather flat (Fig. 7) and not sufficiently peaked to match either a cone source or a ganglion cell population source. By comparison. the response topography of the longlatency non-linearity is much more foveally peaked than that for the short-latency non-linearity (see Fig. 8 ). The long-latency non-linearity is also colour sensitive-it does not appear under achromatic stimulus conditions and it is nearly maxima1 in amplitude at Green/Red isoluminance. Thus, it would appear that the generator of the long-latency non-linearity requires some interaction between the signals from the red and green cones and is likely to originate in the neural receptive field mechanism at the site of such integration of these two signals.
Of course, the generation could occur beyond the ganglion cell soma. if the optic nerve head hypothesis proved to be correct (Sutter Rr Bearse, 1995) . However, it should be realized that the long-latency non-linearity and its asymmetrical retinal topography are generated under conditions very different from those associated with Sutter's study. The former was observed preferentially around isoluminance and vanished for luminance contrasts outside those for the silent substitution points of the L and M-cones (conditions with low luminance contrast), whilst the latter was observed with high contrast achromatic stimulation. Secondly, at the mean luminance used in this study (24 cd/m2, considerably less than that of Sutter and Bearse-100 cd/m2), we did not observe any asymmetry in the topography of the first slice of the achromatic ERG (at 35% contrast-not shown). Thirdly, the absence of the long-latency non-linearity from our colour-anomalous subjects at all luminance contrasts used, would tend to argue against generation, when present, by an optic nerve head component.
Compurison of the long-latency non-linearity and ganglion cell responses
The possibility that the long-latency non-linearity, being only seen in chromatic stimulation, is generated by the P-ganglion cells or the parvocellular pathway, must be investigated. Certainly, the temporal resolution of Pneurons is sufficiently high to resolve the stimulus, however non-linearities due to temporal tiltering in the parvocellular pathway would only be expected at the geniculo-cortical processing stage (Kaplan, Lee & Shapley, 1990) . Colour-anomals possess the same number of P-ganglion cells (Cicerone & Nerger, 1989) as normals, but do not exhibit any long-latency nonlinearity (see Figs 11 and 12) . Also, the distribution of the response from P-ganglion cells of the retina (which comprise about 80% of all retina1 ganglion cells) should be much more foveally peaked than the distribution of the cones (Anderson. Mullen & Hess, 199 I ) which is presumably reflected by the first-order response. However, although the first slice of the second-order response is foveally peaked, the slope of the peak is much lower than that for the first-order luminance response.
In comparison, while the linear response of M-cells is silenced at isoluminance (Lee, Martin, & Valberg, 1989) there is a strong similarity between the properties of the frequency doubled response of M-ganglion cells in primate (Schiller & Colby, 1983; Lee, Pokorny, Smith, Martin & Valberg, 1990; Lee, 1993) and the long-latency non-linearity of the multi-focal ERG (see Table 1 ).
According to Lee and co-workers. this frequencydoubled response originates in the surround of the Mganglion cell receptive field, reflecting the non-linearity of M-and L-cone summation (Lee, 1993) with considerable functional significance (Kaplan rt al., 1990) . Other researchers have also concluded that the magnocellular system is not silenced with isoluminant exchange (Logothetis, Schiller, Charles & Hurlbert, 1990) . These authors demonstrated an asymmetrical pattern of the distribution of best balance point for M-cells, while the response of P-cells seemed to be both linear and symmetrical. implying a cancellation of the responses from P-cells as a whole.
Thus, while individual sustained red and green centre ganglion cells (P-type) respond predominantly at the fundamental rate of stimulation, frequency-doubled Mganglion cells can respond to each alternation of the stimulus when in doubled frequency mode (i.e., precisely between the silent substitution points for the L and Mcones (Chang et al., 1993) ). These M-ganglion cells may then be in a temporal frequency domain in which they cannot recover sufficiently quickly, resulting in ;I non- A comparison of the analysis of the first and second harmonic components of the response of a primate Mganglion ON-cell to red (684 nm)/white flicker (Lee et al., 1989) with amplitudes of the non-linear kernel components from normal human, computed from the modelling process [see Fig. 14 While the stimulus colours are different (red/white vs green/red), the relative values of 1.2 for the red/white luminance ratio and the value of 0.8 for the Green/Red ratio are likely to represent similar values, certainly favouring more red than is required for isoluminance in both cases.
Our observation of a naso-temporal asymmetry of the long-latency non-linearity (see Fig. 9 ) could be explained by asymmetries in the densities of retinal neurons. Perry, Oehler and Cowey described a marked asymmetry in the distribution of M-ganglion cells (greater than that for the total ganglion cell distribution) across the nasotemporal axis, on the basis of retrograde HRP labelling from injections at selected sites (visual field eccentricities IO-40 deg) in the M-laminae of the macaque lateral geniculate nucleus (Perry, Oehler & Cowey, 1984) . The existence of an M-cell asymmetry is also supported by the observation of a greater number of cells in the magnocellular layer I of the LGN (receiving input from nasal retina) compared with those in layer 2 (receiving input from temporal retina) (Connolly & Van Essen, 1984) . Retinal ganglion cell studies in both monkey and human suffer from the difficulties associated with visualizing ganglion cells under the dense fibre layer lying between fovea and the optic nerve head. Thus, dendritic field area measurements as a function of retinal eccentricity in human retina have shown that there is a nasal asymmetry, but while plentiful data are available for temporal retina, parasol cell (M-ganglion cell) injections were only possible beyond the optic nerve head (Dacey & Petersen, 1992) . However, in Mucacu muluttu, Silveira and Perry were only restricted by the fibre layer between 3 and 5 mm nasally. They showed that while the peak M-cell density occurs parafoveally, there is a naso-temporal asymmetry with a nasal/temporal density ratio of about 1.6 at 1 mm eccentricity and 2.8 at 2 mm eccentricity (Silveira & Perry, 1991) . Such eccentricities are in the same range as those for which our naso-temporal asymmetries were best observed (the second and third eccentric hexagons of the VERIS stimulus corresponding to visual field eccentricity ranges of 1.5-5.6 deg and 5.6-10.8 deg). The next most eccentric hexagon projected onto the optic nerve head, while at greater eccentricities, the signals recorded were very small.
Relation to the chromatic pattenz electroretinogram
Several studies of the chromatic PERG as a function of the temporal luminance contrast of stimuli have shown that a minimum occurs at subjective isoluminance. However, the reduction for the PERG at isoluminance (56% of value for maximum contrast) is far less than that shown in the comparable pattern VEP (13% of maximum) (Bach & Gerling, 1992) indicating the presence of remnant retinal activity. More variable results have been reported for the second harmonic response, with some studies reporting a slight peak at the isoluminant point (Bach & Gerling, 1992; Purpura, Kaplan & Shapley, 1988 ). Korth and co-workers (Korth & Rix, 1987 Korth & Horn, 1992; Korth, Nguyen, Rix, & Sembtitzki, 1993) have clarified this issue, showing that the second harmonic response is quite spatial-frequency specific-with low spatial frequency (0.3 c/deg), there is a maximum of the second harmonic response at isoluminance, while at high spatial frequency (3 c/deg) there is a minimum. A possible explanation may be that at low spatial frequency the stimuli excite the M cell receptive field surround (about 1 deg arc in the fovea), which produces a "frequency-doubled" nonlinearity (Kremers, Yen & Lee, 1994; Kaplan et al., 1990) , for stimulation between the red and green cone silent substitution points.
Studies of protanopic subjects strengthen the case for this description, with both VEP and PERG amplitudes dropping to noise level at subjective equiluminance (Bach & Gerling, 1992) indicating the requirement of both cone types for the generation of the non-linearity. Niepel and coworkers (Niepel, Paarmann & Dodt, 1990) showed that the PERG amplitude minimum (isoluminance) in the protan and deutan subjects approximate the silent substitution points of the green and red cones, respectively. This is analogous to the first-and secondorder responses from the dichromats recorded in this study.
Bach and Gerling speculated that the PERG response at subjective equiluminance arises from P-ganglion cells and that the response due to high luminance contrast stimulation derives from a mixture of both P-and Mganglion cells (Bach & Gerling, 1992) . However, it is known that colour-coded P-cells in the retina have linear characteristics-that is, they sum excitation and inhibition in a linear fashion (Berninger, Arden, Hogg & Frumkes, 1989) such that no second-order responses should be generated. They proposed that some residual response with red/green equiluminant colours may be due to small departures from isoluminance or to the fact that not all classes of colour coding are equally represented. However, Morrone and colleagues who also found measurable pattern ERG response at isoluminance have a different interpretation, ascribing a contribution of the P-ganglion cells to the non-linear pattern ERG owing to rectification in firing rates (Morrone, Fiorentini, Bisti, Porciatti & Burr, 1994; . From the single-cell physiology point of view, the presence of the non-linearity at isoluminance may also be explained by the M-cell double-frequency response (Lee et al., 1989; Kaplan et al., 1990) .
CONCLUSION
Thus, from the consideration of recent colour and achromatic PERG studies and our own focal ERG studies, the spatial and temporal non-linearities generated with chromatic and achromatic modulation may be separated into a luminance contrast-dependent component with properties best matching a post-receptoral outer retinal source and pattern and chromatic non-linearities best explained by the activity of the one generator, namely the M-ganglion cells. These cells exhibit two major forms of non-linearity-a spatial non-linearity at low spatial frequency (Battaglini, Galletti & Fattori, 1993) and the frequency doubled non-linearity elicited by the flickering green and red colours provided the L and M-cones are stimulated out of phase (Schiller & Colby, 1983; Lee et al., 1989) .
The current study suggests, through comparison with primate physiology and anatomy, that the M-ganglion cells are the source of the second-order long-latency nonlinearity through a frequency-doubling mechanism, supported by the demonstration that the response topography shows a marked naso-temporal asymmetry at isoluminance reminiscent of the primate anatomical M-ganglion cell distribution asymmetry. Thus, the nonlinearity produced by isoluminant chromatic stimulation may provide a simple, clinically useful measure of retinal, and in particular, M-cell function.
